Molecular genetic studies demonstrate that the human cone opsin gene array on the q-arm of the X-chromosome typically consists of one long-wave-sensitive (L) cone opsin gene and from one to several middle-wave-sensitive (M) cone opsin genes. Although the presence of the single L-cone opsin gene and at least one M-cone opsin gene is essential for normal red-green colour discrimination, the function of the additional M-cone opsin genes is still unclear. To investigate whether any variations in phenotype correlate with differences in the number of M-cone opsin genes, we selected 13 normal trichromat males, for whom four independent molecular techniques have exactly determined their number of M-cone opsin genes, ranging from one to four. Their phenotype was characterized by estimating their foveal L-to M-cone ratio from heterochromatic flicker photometric (HFP) thresholds, by measuring the wavelength corresponding to their 'unique yellow', and by determining their L-and M-cone modulation thresholds (CMTs). No correlation was found between these psychophysical measures and the number of M-cone opsin genes. Although, we found a reasonably good correlation between the L/M-cone ratios based on HFP and on CMT, we did not find any correlation between the estimated L/M-cone ratios and the settings of 'unique yellow'. Our results accord with previous molecular genetic studies that suggest that only the first two genes in the X-linked opsin gene array are expressed.
Introduction
Since Nathans, Thomas, and Hogness (1986) first analysed the human long-wavelength-sensitive (L) and middle-wavelength-sensitive (M) cone opsin genes, it has been known that even in colour normals the gene array on the q-arm of the X-chromosome varies considerably in size. The typical array consists of three opsin genes, but there may be as many as eight genes present. In general, the first (or most proximal) gene in the array codes for the L-cone pigment and the downstream (or distal) genes for the M-cone pigment (see Sharpe, Stockman, J€ a agle, Knau, & Nathans (1999) for a review). The functional role of the extra M-cone opsin gene copies is still being debated. On the one hand, considerable molecular genetic evidence suggests that they are not expressed. For instance, Winderickx, Battisti, Motulsky, and Deeb (1992a) detected in male donor eyes only a retinal mRNA transcript coding for an L-cone pigment and a retinal mRNA transcript coding for an M-cone pigment. In those donors who had two or more M-cone (or M/L hybrid) pigment genes, as revealed from their DNA sequences, only one allele was represented in the retinal mRNA. These findings have subsequently been confirmed and extended (Hayashi et al., 2001; Yamaguchi, Motulsky, & Deeb, 1997) . Further, they are consistent with a model in which opsin gene expression is regulated by an upstream locus control region (LCR) known to be required for cone photoreceptor-specific expression (Nathans et al., 1989; Nathans et al., 1993; Wang et al., 1992; Winderickx et al., 1992a) . The model assumes that the likelihood of a transcriptionally active complex forming between the LCR and the pigment gene promoter decreases with distance (i.e., distal genes are disfavoured) so that only the two most proximal pigments genes are significantly expressed, and that the first gene in the array (always an L-cone opsin gene in colour normal observers) is typically expressed in a higher percentage of cone photoreceptors than the second (always an M-cone opsin gene in colour normal observers).
On the other hand, other molecular studies favour the view that in some cases more than two opsin genes can be expressed (e.g., Neitz, Neitz, & Grishok, 1995; Sjoberg, Neitz, Balding, & Neitz, 1998) . For instance, Sjoberg et al. (1998) in a population of 150 male donor eyes, detected in eight samples retinal mRNA transcripts coding for a M-cone pigment and two distinct L-cone pigments.
Surprisingly, almost no genotype-phenotype correlation studies have been conducted to test the correspondence between M-cone opsin gene number and sensitivity. In a brief comment, Nathans et al. (1986) remarked that they were unable to find a correlation between relative sensitivities to red and green spectral lights and the number of M-cone pigment genes. Otherwise, to the best of our knowledge, there have been no systematic investigations studying the relation between L/M-cone opsin gene number and colour vision phenotype.
Therefore, to address the question whether the number of 'extra' M-cone opsin genes are correlated with variations in colour vision phenotype, we conducted three different psychophysical tests in a group of individuals genotyped for their opsin gene array (for details see Wolf et al., 1999 and Wissinger et al. (personal communication) ). First, we calculated L/M-cone ratios based on spectral sensitivity functions measured by means of heterochromatic flicker photometry (HFP). This psychophysical procedure has frequently been employed to obtain foveal estimates of L/M-cone ratios (de Vries, 1947; Smith & Pokorny, 1975; Vos & Walraven, 1971; Walraven, 1974) ; and such estimates have been shown to correlate with estimates obtained by other psychophysical and electroretinographic procedures (see Kremers et al., 2000) . Second, we determined the wavelength corresponding to 'unique yellow'. Cicerone (1987 Cicerone ( , 1990 and Otake and Cicerone (2000) have claimed that unique yellow, as an equilibrium state of the red-green colour opponent process, reflects the proportion of L-and M-cones in the retina. They found a significant relation between cone ratios based on probability-of-detection functions measured for tiny targets (0.88-6.88 min of arc in diameter) and unique yellow estimates. Thus, a shifted wavelength for unique yellow as a function of M-cone gene number would possibly reflect an influence of M-cone gene number on the L/M-cone ratio (but see, Mollon & Jordan, 1997) .
Third, we calculated L/M-cone ratios from cone modulation threshold (CMT) measurements, using L-and M-cone isolating stimuli (Kremers et al., 2000) . Ratios determined from such thresholds have been shown to correlate highly with those determined from HFP measurements in the same group of observers (see Kremers et al., 2000) .
Methods

Subjects
Thirteen colour normal males served as observers in our experiments. Their colour vision was assessed by standard tests including the Ishihara pseudoisochromatic plates (11th edition) and the Rayleigh equation on a Nagel Type I anomaloscope (Schmidt & Haensch, Germany) . Written consent of each subject was obtained before their participation and venous blood samples were collected.
Genotyping
Given that different molecular methods may yield discrepant results (e.g., Deeb et al., 1992; Macke & Nathans, 1997; Nathans et al., 1986; , four techniques were used to determine the number and ratio of L/M opsin genes in the 13 observers. A full description of the molecular genetic investigations will be reported in another manuscript, in which the opsin gene arrays of 35 normal male observers, including the 13 used in this study, were examined. Here, only a short summary will be given.
Briefly, the total number of opsin genes in the array was exactly determined by: (i) sizing of NOT I fragments with pulsed field gel electrophoresis (Macke & Nathans, 1997) ; and (ii) by direct fluorescent in situ hybridisation (DIRVISH) on stretched DNA fibres (Parra & Windle, 1993) . The second, methodologically difficult, technique was only applied to a subpopulation of 7 of the 12 subjects (for details, see Wolf et al., 1999) . The total gene numbers provided by the two techniques were identical, and varied from two to six genes (see Table 1 , column 2). The median was 3.0 genes and the mean was 3.5 genes; average values that agree well with the results of earlier studies (Macke & Nathans, 1997; Nathans et al., 1986; Yamaguchi et al., 1997) .
The L/M-cone opsin gene ratio, as well as the total number of opsin genes, was determined by: (i) quantification of genomic restriction fragments after Southern blot hybridisation (Nathans et al., 1986) ; and (ii) quantification of end-labelled restriction products after PCR amplification . The two methods yielded slightly discrepant and erroneous total gene number estimates; especially for those gene arrays that exceeded more than three genes (which tended to be overestimated). For instance, for observer LTS, six genes were estimated by the Nathans et al. (1986) method and seven genes by the method, even though five genes were revealed by direct visual inspection of the DNA fibres. In fact, exact agreement between the two methods as to the M-to Lcone ratio was found in only 5 of the 13 gene arrays. However, the discrepancies were not important for this study; simply because by both methods, only one L-cone opsin gene was detected in all 13 arrays and no L/M-or M/L-hybrid genes (with one exception). Thus, the total number of M-cone opsin genes could always be inferred from our exact knowledge of the total number of genes in the array (provided by the DIRVISH and pulsed field gel electrophoresis methods) in those eight cases in which the estimated M-to L-cone gene ratios deviated between the Nathans et al. (1986) and the methods.
One of the subjects (KK) carries a G4R5(A180) hybrid gene in his array, which comprises six genes. Longrange PCR techniques revealed that the hybrid gene does not occupy the most distal (sixth) position (Jagla et al., personal communication). Given his normal colour vision phenotype, it seems unlikely that it occupies the second position in the array. It, therefore, probably occupies either the third, fourth or fifth position in the gene array; none of which are assumed to influence phenotype (see Hayashi et al., 2001; Winderickx et al., 1992a; Yamaguchi et al., 1997) . However, because we could not establish the position of his hybrid gene in the array, we have been cautious about interpreting his psychophysical data.
In a further analysis, it was also determined in all 13 observers whether the L-cone opsin gene encodes for an alanine or serine (the alanine/serine polymorphism) at position 180 (Nathans et al., 1986; Winderickx et al., 1992b) . This substitution causes a shift in spectral tuning and must be taken into account when fitting HFP sensitivities with cone sensitivity data (see below).
Psychophysical methods
Exp. 1: L/M-cone ratios based on heterochromatic flicker photometry
Spectral sensitivities were measured using HFP. A Maxwellian view optical system was used to create flickering test stimuli that were superimposed on a steady adapting field (for details of the set-up, see Sharpe et al. (1998) ). Specifically, a 2°dia. test target was superimposed upon a 16°dia. xenon arc white (6500 K) background, which had a retinal illuminance of 3 log phot td. The background was chosen: (i) to saturate the rods so as to prevent their intrusion in the flicker settings (Abramov & Gordon, 1977; Nagy & Wolf, 1993; Sperling & Hsia, 1957; Stabell & Stabell, 1981; Wald, 1945; Weale, 1953; Wooten, Fuld, & Spillmann, 1975) and (ii) to elicit approximately equal L-and M-cone responses Stromeyer III, Willen, Gowdy, & Kronauer, 1999; Walraven & Werner, 1991) in order to reduce the effects of selective chromatic adaptation upon cone sensitivity (but see Section 5). A 560 nm reference light was flickered at 25 Hz in counter phase with the monochromatic test light. The subject's task was to adjust the intensity of the variable test light--the intensity steps per button press were smaller than 0.01 log unit--until the flicker percept disappearedor was minimized. These settings were made for ran- Also presented are the results of the molecular genetical analysis; i.e., the total number of genes, the number of M-cone opsin genes and the serine/alanine polymorphism of the L-cone opsin gene at position 180.
domly presented test lights between 400 and 690 nm in steps of 5 nm.
Calibration
The radiant fluxes of the test and adapting fields were measured at the plane of the observer's pupil with a silicon photodetector (United Detector Technology) combined with a picoammeter (Keithley, model 486). The silicon photodetector was calibrated by the manufacturers against standards traceable to the National Bureau of Standards, Washington. The temporal waveform produced by the mechanical shutters were monitored periodically using a silicon detector (United Detector Technology, operational amplifier and oscilloscope).
Data analysis
For each subject, the geometric mean of at least three HFP functions were fitted with a linear combination of the M-and L-cone fundamentals . Either an L(A180) or an L(S180) variant of the L-cone fundamental of Stockman and Sharpe (2000) was used, depending upon the genotype revealed by sequencing the first gene (always an L-cone opsin gene) in the opsin gene array (Wissinger et al., in preparation) .
Two fitting procedures were applied to the HFP data. The first Eq. (1) encompassed the entire data range from 400 to 690 nm and introduced corrections for pre-retinal absorption by the macular pigment (MAC) and lens (LENS), using templates for standard observers tabulated in Sharpe (1999, 2000) :
where LðkÞ and MðkÞ are, respectively, the appropriate L-and M-cone fundamentals and k is a vertical scaling factor. The second fit Eq. (2) was performed using wavelengths from 520 to 690 nm and without corrections for lens and macular absorption (the effects of these screening pigments were assumed to be largely negligible at these wavelengths):
Further, comparisons between full-spectrum and partial spectrum fits to corneal spectral sensitivity data, measured under conditions in which accurate corrections are made for lens and macular pigment filtering, indicate good agreement between the two types of fits (see Sharpe et al., 1999) .
Exp. 2: Unique yellow
Unique yellow settings were performed with the same Maxwellian view system used to measure the HFP data (Exp. 1). The wavelength seen as 'pure yellow' was assessed for a 2°dia. spectral target, presented on a black background. The method of adjustment was used to determine the target wavelength (full spectral width at half-maximum, FWHM < 4 nm) that appeared as a pure yellow (i.e., neither reddish nor greenish). The stimulus duration was 5 s with a 5 s intervening dark period, controlled by computer driven mechanical shutters placed close to a focal point of the light path. The retinal illuminance was held constant at 2 log phot td, according to the Judd (1951) corrected CIE V ðkÞ function.
Exp. 3: L/M-cone ratios based on cone modulation thresholds
Sinusoidally-modulated L-or M-cone isolating stimuli (Usui, Kremers, Sharpe, & Zrenner, 1998) were generated on a BARCO (CCID 121) colour monitor driven at 100 Hz by VSG 2/3 graphic card (Cambridge Research Systems). The mean illuminance was in the photopic range: 467 td (141 td from the red phosphor, 282 td from the green phosphor and 42 td from the blue phosphor). In all conditions the S-cone contrast was 0%. The stimulus field was circular and 4°of visual angle in diameter. It was flickered at 15 or 20 Hz. The subjects were required to fixate the outer edge of the stimulus and were encouraged to make eye movements along the edge to avoid Troxler's effect (1804). Control experiments conducted on X-chromosome-linked dichromats established that the stimulus mainly excited a single cone type. Flicker detection thresholds were determined at different temporal frequencies using a PEST procedure (Taylor & Creelman, 1967) with two randomly interleaved staircases, one starting at the maximally possible modulation, the other at zero modulation. The subjects had to indicate by a pushbutton whether they detected the flicker or not. The final threshold was assumed to be reached when the contrast change was less than 14% of the actual modulation contrast. For more details on this procedure, see Kremers et al. (2000) .
Calibration
The spectral characteristics of the monitor phosphors were measured with a spectroradimeter (Instrument Systems). The monitor calibration and the gamma correction were performed using the internal luminance device of the BARCO monitor and the VSG software.
Data analysis
The calculations of cone contrasts from the phosphor excitations are described elsewhere (Kremers, Usui, Scholl, & Sharpe, 1999) . In short, the emission spectra of the phosphors were multiplied with a chosen set of cone fundamentals (Stockman, MacLeod, & Johnson, 1993) and integrated over wavelength to calculate the excitation of the cones by the phosphor.
The L/M-cone ratios were derived by calculating the fraction of L-cone sensitivity (see Wesner, Pokorny, Shevell, & Smith, 1991) :
and a back-transformation to a L/M-cone sensitivity ratio. The 15 and 20 Hz thresholds were used to calculate the L/M-cone ratios, to make sure that the detection was mediated via the luminance channel.
Results
Exp. 1: L/M-cone ratios based on heterochromatic flicker photometry
There are only minimal variations between the cone ratio estimates based on the two fitting procedures for all 13 observers, as can be seen in Fig. 1 and also in Table 1 . The estimates vary from 0.9:1 to 14.8:1 using the full spectral data (Eq. (1)), and from 1.1:1 to 25.7:1 using the partial spectra data (Eq. (2)). The good agreement (r 2 ¼ 0:999) suggests that Eq. (1) satisfactorily corrects for interobserver variability in lens and macular pigment filtering. It also suggests that the partial spectrum fits provide estimates that are commensurate with those obtained from full-spectrum fits. Fig. 1 further summarizes how the estimated L/M-cone ratio varies as a function of M-cone opsin gene number. A linear regression fit revealed no significant correlation (r 2 ¼ 0:015, r 2 ¼ 0:029) between the two parameters neither for the full-spectrum fit nor for the partial, respectively. The estimates for subject HS (14.8:1 and 25.7:1) are strongly L-cone dominated compared with the estimates of the other subjects, which range from 0.9:1 to 2.4:1 and 1.1:1 to 2.8:1 for the two fitting procedures. In conditions where the retina seems to be largely dominated by a single cone type, the fitting procedure were not well constrained, as indicated by the large error bars. The error bars correspond to the 95% confidence interval as given by the fitting algorithm (Marquardt-Levenberg) implemented in Sigma Plot 2000. In fact, the data points of HS have been identified as outliers by means of the 'Cook's Distance' and the 'Studentized deleted Residuals' statistic tests. Thus, the cone ratio estimates of subject 'HS' have not been taken into account when fitting the regression line or calculating the geometric mean, which is 1:6 AE 0:1 for the full fit and 1:7 AE 0:2 for the partial fit. These mean values are based on only 11 subjects, thus they should not be taken as mean values for a normal population.
Exp. 2: Unique yellow
In Fig. 2 , we compare the wavelength seen as unique yellow with the number of M-cone opsin genes present in the subject's gene arrays. The values range from 572 to 583 nm with a mean value of 576 nm and a standard deviation of AE3.9 nm (see Table 1 ). The errors bars correspond to the standard deviation of 18 repetitions. A linear regression reveals no correlation between the two parameters (r 2 ¼ 0:0099). We want to point out that the wavelength seen as 'pure yellow' by subject KK (who carries the G4R5 hybrid gene in his opsin gene array) was well within the limits of the other subjects; suggesting that the hybrid gene was not expressed or if expressed had no significant effect on colour vision phenotype. (The unique yellow settings of anomalous deuteranopes who have expressed M/L-hybrid genes are known to be shifted relative to those of normal observers, see Rubin (1961) .) Furthermore, subject HS, who revealed a high L/M-cone weighting ratio by the HFP and CMT methods (see below) had a unique yellow that was very similar to those of the other subjects.
Interestingly, despite previous claims that unique yellow reflects the proportion of L-and M-cones in the retina (Cicerone, 1987 (Cicerone, , 1990 Otake & Cicerone, 2000) , there was no significant correlation between the observers' L/M-cone ratios estimated by the HFP method and their settings of unique yellow (r 2 ¼ 0:062 for the full spectral fits; and r 2 ¼ 0:044 for the partial spectral fits). The open symbols refer to the ratios derived from fitting the entire data range (400-690 nm) (a). The filled symbols represent the ratios derived from fitting the partial spectral range (520-690 nm) (b). The error bars correspond to the 95% confidence interval for the individual fits to the L-and M-cone spectral sensitivities. The thick solid line gives the result of a linear fit applied to the whole data range (open symbol data). The thin lines mark its 95% confidence interval. The dotted line shows the result of a linear fit performed for the partial data range (filled symbols). For clarity, the 95% confidence interval was omitted. The data of HS and KK were excluded from the analysis (see text for explanation).
Exp. 3: L/M-cone ratios based on cone modulation thresholds
CMTs were obtained under L-and M-cone isolation conditions. At low temporal frequencies, where flicker detections are probably mediated by the chromatic channel (Kremers et al., 2000) the L/M-cone sensitivity ratio is close to unity for all observers. However, at higher temporal frequencies (above 5 Hz), when they are probably being mediated by the luminance channel, the cone sensitivities diverge (see Kremers et al., 2000) . In Fig. 3 one can see the mean values for the calculated cone ratios estimated at 15 and 20 Hz, for which it can probably be safely assumed that the thresholds are being mediated exclusively by the luminance channel. The values range from 1.1:1 to 7.8:1 with a geometric mean of 2:2 AE 0:3. The highest estimated L/M-cone ratio of 7.8:1 was again calculated for subject HS (the correlation coefficient between the results obtained with HFP (400-690 nm) and CMT is 0.871). The given error bars (in Fig. 3 ) correspond to the difference between the 15 and 20 Hz value. A linear regression fit (r 2 ¼ 0:0096) indicates no correlation between the cone ratios, estimated from CMT, and the number of M-cone opsin genes present in the subject's gene array. Please note that under these conditions the estimates of subject 'HS' are not identified as outliers and are included in the regression fit and mean value. Although the L/M-cone ratios calculated from the CMT method correlated well with those estimated by the HFP method (the correlation was r 2 ¼ 0:871 for the full spectral fits; and r 2 ¼ 0:870 for the partial spectral fits), they did not correlate well with the settings of unique yellow (the correlation was r 2 ¼ 0:293). The lack of correlation calls into question once again the hypothesis that unique yellow reflects the proportion of L-and M-cones in the retina (Cicerone, 1987 (Cicerone, , 1990 Otake & Cicerone, 2000) .
Discussion
Our study provides no evidence that the foveal L/Mcone sensitivity in the human retina is influenced by the number of M-cone opsin genes present in the X-linked gene array. We estimated foveal L/M-cone sensitivity both from measurements of HFP and from CMT. The former has been used frequently to obtain foveal estimates of L/M-cone ratios (see references given in Section 1). Although, we cannot assume that our white 6500 K adapting background is chromatically non-selective in its effect on the L-and M-cones (cf., Knau, J€ a agle, Pokorny, Jin, & Smith, 1993) , the mean L/ M-cone ratios of 1:6 AE 0:1 for the full fit and 1:7 AE 0:2 for the partial fit agree well with estimates provided in the previous studies, which roughly estimate that there are twice as many L-as M-cones in the typical normal human retina (Caroll, McMahon, Neitz, & Neitz, 2000; Cicerone & Nerger, 1989; Hagstrom, Neitz, & Neitz, 1997 Jacobs & Neitz, 1993; Kremers et al., 2000 Kremers et al., , 1999 Nerger & Cicerone, 1992) . Moreover, the L/M ratios estimated from the two fitting procedures correlated extremely well with one another (r 2 ¼ 0:99). However, neither correlated with the number of M-cone opsin genes in the gene array. By way of contrast, they correlated well with the L/M-cone ratios estimated from CMT technique (r 2 ¼ 0:87 for both procedures), which also did not correlate with the number of M-cone opsin genes in the array. Thus, taken together our results imply that some other factor than the number of Mcone opsin genes on the X-chromosome is causing the variability in L/M-cone sensitivity and presumably in the L/M-cone ratio.
Interestingly, the wavelength settings corresponding to unique yellow did not correlate with the L/M-cone ratios estimated from either the HFP or the CMT technique. This is contrary to the claims of Cicerone (1987 Cicerone ( , 1990 and Otake and Cicerone (2000) that there is a clear relationship between the wavelength perceived as a 'pure yellow' and the L/M-cone ratio in the observer's retina. The discrepancy may be due to the different techniques which they and we used to estimate L/Mcone ratios and unique yellow. They estimated the L/Mcone ratio using a probability-of-detection method with tiny targets (1.87-8.12 min of arc in dia.); and they estimated unique yellow by means of a colour naming task with small (10.3 min of arc in dia.) targets. However, both the average (576 AE 3:9 nm) and range (572-583 nm) of our unique yellow settings agree reasonably well with those reported in earlier studies Larimer, Krantz, & Cicerone, 1974 Mollon & Jordan, 1997; Nerger, Vollbrecht, & Ayde, 1995; Purdy, 1931; Werner & Wooten, 1979) . For instance, Schefrin and Werner (1990) , who studied the locus of unique yellow as a function of age, reported a mean wavelength of 577:8 AE 4:3 nm, for a 0.95°in dia., 7 cd/m 2 target (our target was 2.0°in dia. and 100 cd/m 2 ). Further, our findings support those of Mollon and Jordan (1997) , who compared relative flicker-photometric sensitivity at middle and long wavelengths using the Oscar test (Est e evez, Spekreijse, van Dalen, & Verdun Lunel, 1983) with unique yellow estimates in 50 young men and found no significant relationship between the two indices.
The wavelength of unique yellow also did not correlate with the number of M-cone opsin genes. Thus, there seems to be no correlation between the number of Mcone opsin genes present in the gene array and psychophysically estimated L/M-cone weighting ratios and settings of unique yellow. The lack of correlation supports molecular genetic findings that argue that only the first two opsin genes in the array are expressed in the retina (Hayashi et al., 2001 , Winderickx et al., 1992a Yamaguchi et al., 1997) .
